The mechanism by which 12-O-tetradecanoylphorbol-13-acetate (TPA) bypasses cellular senescence was investigated using human diploid fibroblast (HDF) cell replicative senescence as a model. Upon TPA treatment, protein kinase C (PKC) α and PKCβ1 exerted differential effects on the nuclear translocation of cytoplasmic pErk1/2, a protein which maintains senescence. PKCα accompanied pErk1/2 to the nucleus after freeing it from PEA-15pS 104 via PKCβ1 and then was rapidly ubiquitinated and degraded within the nucleus. Mitogen-activated protein kinase docking motif and kinase activity of PKCα were both required for pErk1/2 transport to the nucleus. Repetitive exposure of mouse skin to TPA downregulated PKCα expression and increased epidermal and hair follicle cell proliferation. Thus, PKCα downregulation is accompanied by in vivo cell proliferation, as evidenced in 7, 12-dimethylbenz(a)anthracene (DMBA)-TPAmediated carcinogenesis. The ability of TPA to reverse senescence was further demonstrated in old HDF cells using RNA-sequencing analyses in which TPA-induced nuclear PKCα degradation freed nuclear pErk1/2 to induce cell proliferation and facilitated the recovery of mitochondrial energy metabolism. Our data indicate that TPAinduced senescence reversal and carcinogenesis promotion share the same molecular pathway. Loss of PKCα expression following TPA treatment reduces pErk1/2-activated SP1 biding to the p21 WAF1 gene promoter, thus preventing senescence onset and overcoming G1/S cell cycle arrest in senescent cells.
INTRODUCTION
A failure to induce epithelial cell senescence can significantly increase the risk of carcinogenic progression in both human and animals (Collado et al., 2005; Vernier et al., 2011) . In fact, benign prostate hyperplasia, lung adenoma, intraductal neoplasia of the pancreas, skin papilloma, and other similar conditions can be successfully protected from cancer progression by oncogene-induced senescence, with cellular senescence functioning as a critical barrier that inhibits cancer progression. One of the characteristic features of senescent cells is the cytoplasmic sequestration of senescence-associated pErk1/2 (SApErk1/2), as opposed to G-actin accumulation in senescent cell nuclei (Lim et al., 2000) . Potential mechanisms underlying the failure of pErk1/2 to translocate to the nucleus following growth factor stimulation include the inactivation of protein phosphatase 1 and 2A and MKP3/DUSP6 by reactive oxygen species (ROS) that accumulate in senescent human diploid fibroblasts (HDF) (Kim et al., 2003) . However, when these senescent cells are exposed to 12-O-tetradecanoylphorbol-13-acetate (TPA) for 8 h, the morphology of the old cells changes to resemble that of young cells, and there is a reversal in the expression of senescence markers, resulting in G1/S progression and cell proliferation (Kim and Lim, 2009; Kwak et al., 2004; Lee et al., 2015) .
Treating senescent cells with TPA triggers the rapid dissociation of SA-pErk1/2 from the phosphoprotein enriched in astrocytes (PEA-15) and induces pErk1/2 translocation to the nucleus (Lee et al., 2015) . In fact, TPA treatment or RNA interference-mediated knockdown of PKCα expression significantly induces the proliferation of old HDF cells (Kim and Lim, 2009 ). Collectively, these findings strongly support PKCα having a direct role in reversing senescent cell phenotypes. Indeed, PKCα is a mediator of G2/M cell cycle arrest and cellular senescence via the induction of p21 WAF1 expression in the asynchronously growing non-small cell lung cancer cells (Oliva et al., 2008) and in primary cultures of HDF cells (Kim and Lim, 2009) . Considering that TPA initially activates PKC isozymes and then downregulates their expression (Lu et al., 1998) , the findings mentioned above strongly suggest that PKCα downregulation might promote the reversal of primary culture HDF cell senescence. To the best of our knowledge, there are no published studies reporting that TPA reverses senescence phenotypes by downregulating PKC isozymes in both cultured cells and animal models. Moreover, we investigated the reversal of gene ex-pression profiles by performing RNA sequencing following TPA treatment and also validated mitochondrial respiration and metabolism.
The PKC protein family is divided into 4 subfamilies (conventional, novel, atypical, and distant) based on their cofactor requirements (Clemens et al., 1992; Nishizuka, 1995) . Traditionally, PKC is known as a high affinity intracellular receptor for phorbol ester, a potent tumor promoter. Phorbol esters directly activate PKC, indicating that PKC is critically involved in growth control. Thus, it is widely accepted that PKC has a pivotal role in the regulation of cell proliferation and differentiation (Clemens et al., 1992; Nishizuka, 1992) . Phorbol esters trigger longer PKC activation than physiological regulators: prolonged vs. transient PKC activation is an important distinction that may form the basis for phorbol ester-induced tumor promotion (Jaken, 1990; Nishizuka, 1992) . Upon stimulation, PKCα translocates from the cytosol to particulate fractions (Buchner, 1995) . We have observed that the stimulation of HDF cells with TPA activates PKCα, PKCβ 1 and PKCη (Kim and Lim, 2009) , consequently the isozymes moving from cytosol to particulate fractions in HDF cells. This suggested that PKC might have an important role in senescence, whereas the exact roles of PKC isozymes in reversal of senescence and carcinogenesis have not yet been reported.
The activity, but not amount, of PKCα is higher in the senescent cells than in the young cells due to the accumulation of ROS, which stimulates SA-pErk1/2 and p21 WAF1 transcription to help maintain senescence (Kim and Lim, 2009) . Indeed, the treatment of HepG2 cells with TPA induces PKCα activation along with Erk1/2 signaling and growth inhibition (Wen-Sheng and Jun-Ming, 2005) , implying that all factors regulating the mitogen-activated protein kinase (MAPK) signaling pathway are involved in the activation of PKCα in response to TPA (Alexandropoulos et al., 1993; Thomas et al., 1992) . To achieve their effects, these signals have to reach the nucleus after activation; thus, Buchner (1995) suggested several possibilities for PKC-mediated signal transduction into the nucleus. On the other hand, signal transduction to the nucleus might also be accomplished by the nuclear translocation of PKC itself via a nuclear pore complex following activation in the cytoplasm and phorbol ester-stimulated Erk1 via protein-tyrosine/threonine kinase activation (Alessandrini et al., 1992) .
The MAPK pathway regulates various physiologic functions, including cell proliferation, differentiation, and apoptosis (Chang and Karin, 2001; Pearson et al., 2001 ). In addition, ERK1 and ERK2, the terminal elements of this pathway, activate transcription factors (e.g., c-fos and Elk-1) in the nucleus upon their phosphorylation (Cruzalegui et al., 1999; Kazi and Soh, 2008) . Therefore, pErk1/2 must translocate to the nucleus to activate downstream transcription factors in response to various stimuli, and a significant fraction (≥ 50%) of pErk1/2 can be found in the nucleus within 10 min of stimulation with a growth factor and phorbol ester (Chen et al., 1992) . The redistribution of pErk1/2 is regulated by its interaction with various proteins, including PEA-15 (Camps et al., 1998; Menice et al., 1997) , which directly binds to Erk1/2 or pErk1/2 in vitro and in vivo (Araujo et al., 1993) . Through this activity, PEA-15 indirectly contributes to the maintenance of cellular senescence, and its phosphorylation at S 104 blocks its interaction with ERK (Krueger et al., 2005; Renganathan et al., 2005; Vaidyanathan et al., 2007) . Through this activity, PEA-15 indirectly contributes to the maintenance of cellular senescence, and its phosphorylation at S 104 blocks its interaction with ERK. The above findings prompted us to explore how PKC isozymes and Erk1/2 interact to reverse senescence and promote carcinogenesis following TPA stimulation, with a focus on the differential activities of PKCα and PKCβ1. In addition, we investigated changes in the kinetics of PKC degradation during the early and late stages of reverse senescence in response to TPA. Our results show that PKCβ1 activity dissociates SA-pErk1/2 from PEA-15 and that PKCα functions as a carrier protein facilitating pErk1/2 translocation to senescent cell nuclei. The PKCα kinase domain and its MAPK docking motif were both required for nuclear translocation of SApErk1/2 in senescent cells. PKCα degradation within the nucleus occurred in conjunction with pErk1/2 inactivation, resulting in the proliferation of senescent HDF cells and CD1 mouse epidermal cells following the application of skin carcinogenesisinducing 7, 12-dimethylbenz(a)anthracene (DMBA)/TPA. These data imply that the molecular changes observed during tumor promotion are similar to the changes that occur upon senescence reversal following TPA stimulation. TPA and 7, anthracene (DMBA) were purchased from Sigma (USA). Antibodies to pErk1/2, Erk1/2, PEA15pS 104 and PEA-15 were from Cell Signaling (USA); against PKCβ1, Lamin B1, HA, ubiquitin (Ub) and α-tubulin were from Santa Cruz Biotechnology (USA); against PKCα from Novus Biologicals (Littleton, USA). Active forms of PKCα and PKCβ1, and PKC activators were purchased from Millipore (USA).
MATERIALS AND METHODS
Cell culture HDF cells were isolated in our laboratory from the foreskin of 1-4 years old boys and maintained in Dulbecco's modified Eagle's medium (DMEM, Invitrogen/GIBCO, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen). The cell line preparation was undertaken with the understanding and written consent of each subject, and the study methodologies conformed to the standards set by the Declaration of Helsinki. The obtained normal tissues were used after informed written consent according to the regulation of Institutional Review Board at the Ajou University Hospital. The subjects were not injured or abused during the study. All tissues were immediately used after resection and the prepared cells were maintained more than 6 months in order to make the replicatively senescent cells (doubling time over 14 days). To perform the planned experiments, the primary cultures of various passages stored at the liquid nitrogen tanks were revived before use for the experiments. To examine the primary cultures, karyotyping was performed with HDF young and HDF old cells and the chromosome arrangements were analyzed under the microscope (Olympus, BX50F-3) with Cytovision 3.92 (Applied Imaging, England). Number of population doublings and their doubling times were calculated by the published equations (Kim and Lim, 2009) . HDF young cells, mid-old and old cells used in this study represent doubling time of around 26 h, around 4-10 days and over 14 days, respectively. Huh7 cells were obtained from Japanese Collection of Research Bioresources Cell Bank (Japan) and cultured in DMEM supplemented with 10% FBS. All cells used in this study were maintained in 5% CO2 incubator at 37°C.
Cell fractionation
Cells were harvested, washed with ice cold 1x PBS, and then lysed in 250 μl of TD buffer [25 mM Tris base (pH 8.0), 2.0 mM MgCl2, 0.25% v/v Nonident P40, 0.5 mM DTT, 1.0 μg/ml leupeptin, 100 μg/ml PMSF, 1.0 mM Na3VO4, 1.0 mM NaF] for 5 min at room temperature (RT). The lysates were centrifuged at 12,000 × g for 5 min and the supernatant was collected as cytoplasmic fraction. The pellets were suspended in 125 μl of BL buffer [10 mM Tris (pH 8.0), 0.4 M LiCl, 0.5 mM DTT, 1.0 μg/ml leupeptin, 100 μg/ml PMSF, 1.0 mM Na3VO4, 1.0 mM NaF] for 5 min, and followed by centrifugation at 12,000 × g for 20 min to remove cell debris, and used as nuclear fraction. Protein concentration of each sample was assessed by BioRad protein assay kit (USA).
Immunoblot (IB) analysis
Cells were solubilized in RIPA buffer [50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 1.0% Nonidet P40, 0.1% SDS, 0.5% deoxycholic acid, 1.0 μg/ml leupeptin, 100 μg/ml PMSF, 1.0 mM Na3VO4, 1.0 mM NaF], cleared by centrifugation at 12,000 × g for 10 min at 4°C, and then 40 μg of the lysates (per lane) were resolved on 10-15% SDS-PAGE in 25 mM Tris/glycine buffer. The protein bands were transferred to polyvinylidene fluoride membrane and then treated with 5% non-fat skim milk in PBS containing 0.05% Tween 20 (PBST) for 1 h before incubation with antibodies overnight at 4°C, and then incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h. ECL (Amersham Biosciences, UK) was employed to visualize the bands.
Immunoprecipitation (IP)
Immunoprecipitation was performed with cell lysates (~1.0 mg protein) in the modified RIPA buffer (without 0.1% SDS from RIPA) by the standard method. Whole cell lysates were precleared with protein G-agarose beads (Invitrogen) for 1 h at 4°C before precipitation for 4 h with primary antibodies at 4°C. The immunoprecipitates were washed 5 times with IP buffer, and then subjected to IB analysis.
Immunocytochemistry (ICC)
Cells on cover slips (18 mm × 18 mm) in 6-well plates were washed twice with 1 x PBS before fixation with 4% paraformaldehyde for 15 min, permeabilized with 0.05% Triton X-100 (diluted in 1xPBS) for 15 min, and then subjected to blocking with 3% bovine serum albumin (BSA) in 0.05% Triton X-100 at 4°C for 2 h. The cells were incubated overnight with primary antibody at 4°C, with secondary antibody at 4°C for 2 h, and then stained with 4% 6-diamidino-2-phenylindole (DAPI, 1.0 μg/ml) for 5 min at RT before mounting with Mowiol medium (Hoeschst Celanese, USA) containing antifade 1,4-diazabicyclo [2,2,2]octane (Aldrich, USA). Expressions of pErk1/2, PKCα, PKC mutants, PKCβ1 and ubiquitin (Ub) were detected using monoclonal or polyclonal primary antibodies along with Alexa 488 or Alexa 594 conjugated secondary antibodies. Data acquisition under fluorescence microscope was done by AxioVision with software package (Carl Zeiss MicroImaging GmbH, Germany), and Images were analyzed by Eclipse Ti (Nikon, Japan) or A1 confocal microscope (Japan).
Two stage skin carcinogenesis CD-1 male mice (7 week old) purchased from ORIENT BIO Inc (Korea) were acclimatized in the animal house of Ajou University animal facilities for 3 weeks before shaving the hair. TPA (5 μg/200 μl acetone) was topically applied on the back skin of the mice for 2 weeks (twice/week) with or without DMBA (100 μg/200 μl acetone) initiation 1 week before TPA treatment according to the protocol (Abel et al., 2009 ). Mice were sacrificed on 3 days of the TPA final treatment, and then the back skin was surgically removed and embedded in the O.C.T. compound (Sakura Finetek, USA) for frozen section or fixed in 10% formalin solution for paraffin embedding. Paraffin sections were cut (4 μm thickness), and processed for hematoxylin-eosin (H&E) staining according to the described method (Devanand et al., 2014) . All of the animal procedures were followed by Ajou University Institutional Review Board.
Immunofluorescence (IF) study
Frozen sections (10 μm thickness) fixed at RT for 15 min were incubated in 0.3% H2O2 in PBS for 10 min to block endogenous peroxidase activity, and then incubated in 0.05% Triton X-100 containing 10% BSA for 40 min at RT before washing 3 times with 1x PBS. The rest of the procedures followed the method described under the above immunocytochemistry. PKCα was detected using monoclonal antibody along with Alexa 488 conjugated goat-anti mouse IgG as a secondary antibody.
GST-pull down and in vitro kinase-IB analyses
Recombinant GST-PEA-15 proteins were expressed in E.coli strain BL21 (DE3) and purified to homogeneity using glutathione agarose 4B beads (Incospharm, Korea). The GST-or GST-PEA-15-conjugated glutathione agarose 4B beads were washed twice with kinase buffer [50 mM HEPES, (pH 7.5), 10 mM MgCl2, 1 mM DTT, 2.5 mM EGTA, protease inhibitors and phosphatase inhibitors], and then in vitro kinase assay was initiated with 100-200 ng of GST-PEA-15, 400 μM ATP and 0.1 μg PKCβ1 enzyme (Millipore, USA) in 10 μl of the buffer. Reaction mixtures were incubated at 30°C for 30 min, and then terminated by adding SDS sample buffer with subsequent boiling for 5 min. Enzyme activity was analyzed by SDS-PAGE and immunoblotting with anti-pPEA-15S 104 (AssaybioTech, USA) or anti-GST (Santa Cruz) antibodies. GST was employed as a control substrate of the assay.
siRNA transfection siRNAs against PKCα (siPKCα) were purchased from Santa Cruz Biotechnology, siPKCβ1 (Sense -5′ CAUUACAUUUC-AAACUUUAUU 3′, Antisense -5′ UAAAGUUUGAAAUGUAA-UGUU 3′) from Genolution Pharmaceuticals (Asan Institute for Life Sciences, Korea), and control siRNAs (siControl) were from DHARMACON (USA). HDF old cells cultured on a cover slip (18 mm × 18 mm) in 6-well plates were transfected with siRNAs and oligofectamine (Invitrogen) for 4-6 h. After 48 h, the cells were treated with either DMSO (0.01%) or TPA (50 ng/ml) for 30 min before subjected to ICC or IB analyses.
Plasmid transfection
Huh7 cells cultured in 6-well plates (5 × 10 4 cells/well) or 100 mm dishes (2 × 10 5 cells/well) were transiently transfected with 2 or 10 μg of pHACE (vector), wt-PKCα or mt-PKCα (R 159,161 G) using Fugene (Promega, USA), and then subjected to ICC or cell fractionations into nuclei and cytoplasm in 48 h of transfection.
Site-directed mutagenesis
To confirm the interaction of PKCα with pErk1/2, three different PKCα mutants [MAPK docking motif (R 159, 161 G) double mutant, kinase dead PKCα (KD-PKCα) and catalytically active PKCα (CA-PKCα)] were prepared along with wild type PKCα (Supplementary Fig. S3A ). MAPK docking motif in the regulatory and catalytic domains of PKCα was predicted and searched by using website http://elm.eu.org and based on the published reports (Bardwell et al., 2001; Yang et al., 1998) . Arginine residues at 159 and 161 in the regulatory domain of PKCα were mutated to glycine (R 159, 161 G) by using QuikChange II site-- 
Real-time PCR analysis
Total cellular RNAs were extracted with RNAiso Plus (TaKaRa Bio, Japan), and cDNAs were synthesized with RNA 1.0 μg and reverse transcription kit (Invitrogen). The cDNAs were amplified with specific primers and SYBR Green PCR Master Mix (Applied Biosystems) under the conditions by using CFX96 Touch™ Real-Time PCR Detection System (Bio Rad, USA): Initial activation at 95°C for 15 min, followed by 40 cycles at 95°C for 20 s and 60°C for 40 s. Primers used for assays were listed in Table 1 . To quantify transcriptional activity, 18S rRNA expression was measured as a control.
Determination of ATP content
Total amount of ATP in HDF cells were measured by using ATP determination kit produced by Molecular Probes (Invitrogen) based on the described method (Candas et al., 2013) with slight modification. Young and old HDF cells were incubated for 24 h before trypsinization, and the cells harvested by centrifugation at 4,800 × g for 5 min at 4°C were resuspended in 1% trichloroacetic acid/4 mM EDTA solution. ATP extraction was performed by incubating the cells for 10 min on ice and then centrifuged at 12,000 × g for 10 min at 4°C to harvest supernatant for ATP measurement. Concentration of protein in the pellets were measured by vigorous vortexing in RIPA buffer and discarding the debris after centrifugation for 20 min. Level of ATP luminescence was measured by using BioTek Synergy 2 microplate reader and the contents of ATP were calculated based on the standard curves obtained from known amounts of ATP. Concentration of ATP was normalized by amount of protein isolated from used cells.
Statistical analysis
All data were presented as means ± S.D and analyzed by 1-way ANOVA for comparison between multiple groups using SPSS. Probability values less than 0.05 were considered as statistically significant.
RESULTS
PKCα is required for pErk1/2 translocation to the HDF cell nucleus in response to TPA stimulation To assess the TPA-mediated activation and re-distribution of PKC isoforms, senescent HDF cells were fractionated and subjected to immunoblot (IB) analysis. TPA treatment significantly increased PKCα and pErk1/2 translocation to the cell nucleus (Fig. 1A) , whereas PKCβ1 localization did not change despite the increase of pErk1/2 in the cell nuclear fraction ( Supplementary Figs. S1A-1C ). To evaluate whether pErk1/2 translocation was physically coupled with PKCα localization, HDF cells with or without TPA treatment were subjected to coimmunoprecipitation (IP) and IB analyses with anti-pErk1/2 and anti-PKCα antibodies. Figure 1B shows increased interaction between PKCα and pErk1/2 after TPA treatment despite the same quantity of PKCα being present in the 10% inputs of the DMSO-and TPA-treated cells. These results suggest the cotranslocation of PKCα with pErk1/2. Indeed, the knockdown of PKCα expression significantly reduced pErk1/2 translocation after TPA treatment (Fig. 1C , p < 0.001), indicating a role for PKCα in pErk1/2 translocation. Conversely, no interaction between pErk1/2 and PKCβ1 was observed by in vivo IP assay ( Supplementary Fig. S1D ). Based on our evidence that TPA treatment reduces tethering of SA-pErk1/2 to PEA-15 in the cytoplasm of old HDF cells (Lee et al., 2015) , interactions between pErk1/2, PEA-15, and PKCα were evaluated by IP and IB analyses. The results showed that in old, but not young, cells, pErk1/2 was bound to PEA-15 prior to TPA stimulation. How- ever, pErk1/2 interacted with PKCα upon TPA treatment (Fig.  1D ). When temporal changes in the nuclear translocation of PKCα and pErk1/2 were evaluated by immunocytochemical assay (ICC), translocation was observed to be significant at 30 min and maintained until 8 h after TPA treatment compared with that of control cells treated with DMSO ( Supplementary Fig. S2B ).
Translocation was accompanied by a change in cell shape from large and flat to small and sharp ( Supplementary Fig. S2A ). The protein expression of PKCα, but not Erk1/2 and PEA-15, was almost undetectable at 8 h after stimulation ( Supplementary Fig.  S2C ). When PKCα expression was depleted by TPA pretreatment for 8 h (Fig. 1E) , nuclear translocation of pErk1/2 stimulated by TPA re-stimulation for 30 min was significantly reduced (Fig.   1F , p < 0.001, 2 nd and 4 th bars), although some response was still observed (Fig. 1F , p < 0.01 vs. DMSO 8.5 h). These data strongly suggest the regulation of pErk1/2 translocation by PKCα upon the TPA stimulation of senescent cells. HDF mid-old cells were treated with either DMSO (0.01%) or TPA (50 ng/ml) for 30 min and the nuclear and cytoplasmic fractions of the cells were subjected to immunoblot analysis using anti-PKCα and antipErk1/2 antibodies. TPA treatment significantly increased the amounts of PKCα and pErk1/2 in the particulate fraction, compared with DMSO treatment. Lamin B1 and α-tubulin expressions were employed as markers of nuclear and cytoplasmic fractions. (B) To evaluate whether pErk1/2 translocation to nuclei was accompanied with PKCα or not, co-immunoprecipitation (co-IP) analysis was performed with anti-pErk1/2 and anti-PKCα antibodies. As shown in the 10% input, TPA increased pErk1/2 level, however, the protein expression of PKCα was independent of TPA treatment for 30 min (lower panel). Based on the co-IP data (upper panels), the amount of pErk1/2 immunoprecipitates was the same in the DMSO and TPA treatment cells, whereas interaction of PKCα with pErk1/2 was clearly increased by TPA treatment. (C) To test whether PKCα protein is required for the TPA-induced pErk1/2 translocation or not, knockdown of PKCα expression was employed by transfection of siRNAs with or without TPA treatment for 30 min, and the degree of pErk1/2 translocation was examined by immunocytochemistry (ICC). TPA treatment markedly increased translocation of pErk1/2 into nuclei (p < 0.05), however, the effect of TPA was clearly reduced by knockdown of PKCα expression (p < 0.001), indicating the requirement of PKCα protein for the pErk1/2 translocation to nuclei. Senescent HDF cells with pErk1/2 in nuclei were counted and pre-http://molcells.org
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was downregulated up to 20-30% than that of the siCon, based on actin expression (PKCβ1/actin; 0.2-0.3 vs.1.0), whereas TPA-induced PEA-15 phosphorylation was reduced more than 50% by knockdown of PKCβ1 (PEA-15pS 104 /PEA-15 ratio; 12.3-13.7 vs. 30). (D) To evaluate whether knockdown of PKCβ1 regulates interaction of pErk1/2 with PEA-15 or not, HDF old cells transfected with either siCon or siPKCβ1 were treated with TPA for 30 min and then the cell lysates were subjected to IP-IB analysis. TPA treatment significantly reduced interaction of pErk1/2 with PEA-15 (0.3 vs. 1.0), however, it was recovered in part by transfection of siPKCβ1 than that of the siCon (0.7 vs. 0.3). The data strongly suggest in vivo regulation of PEA-15 phosphorylation at S 104 residue by PKCβ1 in response to TPA. (E) To explore whether PKCβ1-induced PEA-15pS 104 regulates nuclear translocation of pErk1/2 in response to TPA, more than 500 old cells were captured and the cells with pErk1/2 in nuclei were counted under the microscope. Bars represent the means ± SD after 3 independent experiments. TPA-induced nuclear translocation of pErk1/2 was significantly reduced by transfection with siPKCβ1 compared with that of the siControl (p < 0.001), indicating that PKCβ1 is active in the regulation of pErk1/2 translocation to nuclei via PEA-15 phosphorylation at S 104 residue. (F) To evaluate activity of PKC isozyme regulating PEA-15pS siPKCα failed to reduce PEA-15pS 104 expression after TPA treatment ( Fig. 2A) , whereas transfection with siPKCβ1 significantly downregulated PEA-15pS 104 (Fig. 2B ). These data suggest that PKCβ1 is an in vivo kinase for PEA-15pS 104 . Furthermore, when PKCβ1 expression was reduced by siPKCβ1 transfection (from 0.6-1.0 to 0.2-0.3 seen with siControl), the TPAstimulated PEA-15pS 104 level was also reduced to 12.3-13.7 compared with 29.2-30.8 in the siControl-treated cells, indicating a reduction in TPA-induced PEA-15pS 104 following PKCβ1 knockdown (Fig. 2C) . Moreover, IP-IB analysis showed that PKCβ1 knockdown also failed to dissociate PEA-15 from binding to pErk1/2 after TPA treatment (0.7 vs. 0.3) (Fig. 2D) . Thus, PKCβ1 probably contributes to PEA-15 phosphorylation on residue S 104 after TPA treatment. It should be noted that TPAinduced pErk1/2 translocation was inhibited 25% by PKCβ1 knockdown (Fig. 2E) , indicating a partial influence of PKCβ1 on the TPA-induced nuclear translocation of pErk1/2 after dissociation from PEA-15pS 104 . Moreover, in vitro kinase and IB analyses using a recombinant protein substrate and purified enzyme revealed that PKCβ1 catalyzes GST-PEA-15 phosphory- Both regulatory and catalytic domains of wild-type PKCα are required for pErk1/2 translocation to the nucleus in senescent cells after TPA treatment The PKCα domains that interact with pErk1/2, were investigated in Huh7 cells, and the potential MAPK docking motifs within the PKCα molecule were predicted by computer simulation. Using site-specific mutation analysis, PKCα mutant constructs mt (R 159,161 G)-PKCα, kinase-dead PKCα, constitutively active PKCα, and wild-type (wt) PKCα were prepared ( Supplementary  Fig. S3A ). All mutations were confirmed by DNA sequencing analysis (Fig. 3A) . Confocal microscopy showed that each transfected construct significantly increased PKCα fluorescence in the particulate fraction of TPA-treated Huh7 cells; however, Erk1/2 activation and translocation only occurred in cells transfected with wt-PKCα. These data suggested that PKCα kinase activity and the regulatory domain were required for pErk1/2 translocation. This possibility was confirmed by ICC and reciprocal IP analyses (Supplementary Fig. S3B; Figs. 3B  and 3C ). The importance of the pErk1/2 docking motif within the PKCα regulatory domain was further evaluated using cell fractionation and IB analyses (Fig. 3D ) and ICC after transfection of Huh7 cells with PKCα constructs (Fig. 3E ). Both wt-PKCα and mt (R 159,161 G)-PKCα activated Erk1/2 following TPA stimulation; however, pErk1/2 and PKCα nuclear translocation were reduced by 60% in the mt (R 159,161 G)-PKCα expressing cells as compared with that in wt-PKCα expressing cells (Fig. 3F) . These results indicate that TPA-induced Ekr1/2 phosphorylation was regulated by the PKCα catalytic domain, whereas pErk1/2 nuclear translocation required a PKCα regulatory domain containing wild-type R 159 and 161 residues.
TPA rapidly degrades PKCα in senescent cell nuclei, and its regeneration is a delayed response
To characterize TPA-mediated PKCα downregulation in the senescent cell nuclei, old HDF cells were subjected to ICC using an anti-ubiquitin antibody. Under immunofluorescence microscope, ubiquitin and PKCα were found to be co-localized in the nuclei of TPA-treated cells (Fig. 4A) together with an increase in PKCα-ubiquitin ladders following cell treatment with MG132 (Fig. 4B) . To further evaluate ubiquitin-mediated PKCα degradation in the cell nucleus, a Z-stack analysis was performed and viewed under confocal microscope. The presence In order to evaluate in vivo effect of TPA on the loss of PKCα expression and subsequent regulation of cell proliferation, immunohistochemistry and immunofluorescence analyses were employed in CD1 male mice (9 week-old) by using topical treatment with TPA for 2 weeks (twice/week) with or without DMBA pretreatment on the back skin once. Mice were sacrificed in 3 days of the final treatment with TPA. (A) H&E staining (x400): Acetone treated mouse skin shows one or two layered epidermis. DMBA single treated skin shows two or three layered epidermis. TPA treated mouse skin shows marked acanthosis of epidermis and hair follicles. DMBA + TPA treated mouse skin shows marked acanthosis with hyperchromatic nuclei in the basal cell layer (arrow). (B) Immunofluorescence staining: PKCα is expressed in the epidermis and hair follicles of the acetone and the DMBA alone treated CD1 mice, whereas it was focally expressed in dermis of the groups. On the other hand, PKCα expression was significantly lost in the epidermis and hair follicles of the TPA treated and the DMBA + TPA treated mice skin. The fluorescence was rather nonspecifically diffuse in the dermis. DAPI shows nuclei present in the epidermis and hair follicles. of ubiquitin and PKCα was further confirmed by merged fluorescence in the TPA-treated cell nuclei (Fig. 4D) but not in the DMSO-treated cell nuclei (Fig. 4C ). Therefore, we tested the kinetics of PKCα degradation in old HDF cells using either transfection with siPKCα or TPA treatment. As shown in Fig. 4E , the loss of PKCα expression was much faster after TPA treatment than after siPKCα transfection. This observation agrees with our previous report that old HDF cell proliferation is higher after TPA treatment than after siRNA transfection (Lee et al., 2015) . Moreover, in these cells, the temporal changes in PKCα expression after TPA treatment for 8 h and 24 h (Fig. 4F ) align with the morphologic and cytoskeletal changes observed after 8 h and 20 h of TPA treatment (Fig. 3 in Kwak et al., 2004) . The partial regeneration of PKCα expression was observed at 96 h after a single treatment with TPA (Fig. 4F) , indicating that PKCα regeneration is a delayed event as opposed to its very rapid degradation after initial TPA treatment. Collectively, these data strongly imply that PKCα downregulation allows senescent cells to undergo a senescence process reversal.
PKCα degradation accompanies epidermal proliferation in CD1 mice in response to repetitive TPA treatment To confirm our hypothesis that TPA-induced degradation of PKCα might stimulate proliferation and induce senescence process reversal in senescent cells and that similar events may also occur during the promotion stage of carcinogenesis, CD-1 mice were subjected to DMBA initiation and subsequent topical applications of TPA (twice/week) for 2 weeks. Excised skin tissues were examined by immunohistochemistry and IF analyses (Fig. 5) . After vehicle treatment and a DMBA single treatment, no proliferation was observed in the basal layer of the skin epidermis by hematoxylin and eosin staining. However, repetitive TPA treatment induced acanthosis of the epidermis and hair follicles independent of DMBA initiation. Treatment with DMBA plus TPA induced the formation of abnormal cells with hyperchromatic nuclei (arrow) in the basal layer. Labeling with an anti-PKCα antibody followed by immunofluorescent staining of serial tissue sections revealed a loss of PKCα expression along with increased cell proliferation in the epidermis of TPAtreated mice. The loss of PKCα expression in the epidermis persisted for 20 weeks with repetitive treatment (data not shown). These in vivo data strongly support our assumption that the loss of PKCα expression initiates cell proliferation independent of carcinogen-induced initiation, implying that the senescent cells that contain DNA segments with chromatin alterations reinforcing senescence (Rodier et al., 2011 ) might be more susceptible to both carcinogenesis and reverse senescence phenomenon.
RNA sequence analyses support the senescence reversal program observed in old HDF cells after TPA treatment To confirm the senescence reversal in old HDF cells in response to TPA, RNA sequence analysis was performed using mRNAs isolated from old HDF cells treated with TPA for 8 h and 24 h, and cells treated with DMSO as a control. The most variable 1,000 genes were subjected to unsupervised clustering, and the differentially expressed genes (DEGs) between the 2 selected conditions were analyzed using Cuffdiff software, with significance thresholds of p < 0.001 or a false discovery rate < 0.05 after multiple corrections. A heat map was generated by hierarchical clustering of the up-and down-regulated DEG values of 222 out of the 1000 genes analyzed (Supplementary Fig. S4A ). The changes in gene expression observed at TPA-8 h and TPA-24 h treatment relative to DMSO treatment (0 h) are presented as a gene ontology analysis in Tables 2 and  3 , respectively. All data strongly supported the occurrence of cell cycle progression, along with the morphological and cytoskeletal changes in senescent cells linked with reduced focal adhesion to extracellular matrix. Thus, the flat and large senescent cells began to look like younger cells. The change was clearer on the heat map generated by the hierarchical clustering of 53 DEGs (Supplementary Fig. S4B ).
TPA-induced senescence reversal reduces senescence marker expression and increases mitochondrial metabolism and oxidative phosphorylation
To assess whether the TPA-induced changes in senescent cell morphology and gene expression were accompanied by http://molcells.org Mol. Cells 275 changes in cell physiology and metabolism, p21 WAF1 expression was measured by real-time PCR analysis after TPA treatment. As shown in Fig. 6A , the level was significantly reduced 24 h after TPA treatment. In addition, the mitochondrial citric acid cycle-regulating enzymes IDH, IDH2, FH, and MDH2 were all markedly increased in the old HDF cells after 24 h of TPA stimulation (Fig. 6B) . Finally, mitochondrial oxidative phosphorylation was also significantly increased along with ATP generation after TPA treatment but not after DMSO treatment (Fig. 6C) . These data indicate that reverse senescence includes not only changes in gene expression and cell physiology, but also in energy metabolism in response to TPA stimulation.
DISCUSSION
It is well established that PKC is a receptor for tumor-promoting phorbol esters (Kikkawa et al., 1983 ) that translocates from the cell cytosol to particulate fractions upon stimulation (Buchner, 1995) . However, the fate and the role of PKC isozyme nuclear translocation during cell senescence and carcinogenesis remain largely unknown. In the present study, we investigated the differential functions of PKCα and PKCβ1, with a focused on the senescence reversal in old HDF cells. Our results confirmed that the loss of PKCα in epithelial cells is also observed in in vivo carcinogenesis. In fact, TPA-activated PKCβ1 dissociates SA-pErk1/2 from PEA-15 by phosphorylating PEA-15 at S 104 , which releases pErk1/2 to interact with the regulatory domain of wt-PKCα prior to nuclear translocation. PKCα is rapidly ubiquitinated and degraded in the cell nucleus prior to pErk1/2 inactivation; thus, freeing pErk1/2 to participate in the cell proliferation program (Fig. 7) . As previously reported, there is no difference in the level of PKCα and PKCβ1 expression between the young and senescent HDF cells; however, kinase activity is significantly greater in the senescent cells than in the young PKCα and PKCβ1 plays differentially in the nuclear translocation of pErk1/2 upon TPA treatment which regulates reversal of senescence phenotypes. (A) During replicative senescence, highly accumulated ROS triggers activation of PKC isozymes without their protein expression, which leads to the induction of p21 WAF1 expression through the activations of Erk1/2 and Sp1 transcription factor. However, knockdown of PKCα isoform by transfection with siRNAs reverses senescence program and rather induces cell proliferation after overcome the G1/S arrest. The diagram has been reported by the authors (Kim and Lim, 2009) . (B) PKCβ1 activated by TPA regulates in vivo phosphorylation of PEA-15 at S 104 residue, which triggers dissociation of SA-pErk1/2 (Senescence Associated-pErk1/2) sequestered in cytoplasm from PEA-15. TPAstimulated PKCα binds to SA-pErk1/2 released from PEA-15pS 104 and then translocated to nuclei of the cells. In the nucleus, pErk1/2 is released from PKCα after its ubiquitination, which triggers a series of gene expression that participates in reversal of the large and flat senescence cells to the actively growing young cells. TPA-induced series of gene expression can be shared by tumor promoting response in skin, which resulted in epidermal proliferation.
higher affinity of PKCβ1 for PEA-15 S 104 than for PKCα (Nishikawa et al., 1997) . Despite the translocation of activated PKC isozymes into various cell particulate fractions, the present results clearly indicate that translocated PKCα molecules are degraded in the old HDF cell nuclei upon TPA treatment, triggering further reactions that reverse senescence. This notion is well supported by our previous reports demonstrating that knockdown of PKCα expression (Kim and Lim, 2009) or treatment with TPA significantly induces the proliferation of old HDF cells.
Based on our transfection analyses, the PKCα catalytic domain is sufficient for Erk1/2 activation in response to TPA (Supplementary Fig. S3B ). However, TPA-induced pErk1/2 translocation requires the wt-PKCα MAPK interaction domain (Figs.  3D-3F ), indicating that PKCα functions in pErk1/2 nuclear translocation and phosphorylation. Indeed, PKCα, PKCβ1, and PEA-15 have independent roles in facilitating the nuclear translocation of SA-pErk1/2, which induces senescence reversal upon TPA stimulation. The basal activity of PKCα and PKCβ1 is much higher in senescent cells than in young cells despite there being no difference in the levels of protein expression (Kim and Lim, 2009) , with conditions maintained in a steady state in the senescent cells. We speculate that PKC isozyme stimulation by TPA and PKCα degradation in senescent cells may represent events that prime the cells for senescence reversal through pErk1/2 activation in senescent cell nuclei. Thus, the delayed regeneration of PKCα after TPA treatment (Fig. 4F ) might provide an environment to stimulate cell proliferation, facilitate old cells to overcome an active senescence program, and undergo malignant transformation upon carcinogen initiation along with epidermal proliferation (Fig. 5) . Indeed, the reversal of cellular senescence induced by TPA was well supported by the significant recovery of mitochondrial metabolism and ATP generation after 24 h of TPA treatment as compared with that in the DMSO control (Fig. 6) .
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).

